agement strategies for adult spinal deformity and degenerative scoliosis. 2, 3, 13, 31, 33 This technique has demonstrated improvement in coronal Cobb angle, segmental lumbar lordosis, and restoration of disc height. 1, 20 The MI lateral transpsoas technique alone has failed, however, to show a significant improvement in lumbar lordosis and sagittal vertebral axis. 1 Dakwar found that in one-third of patients sagittal plane correction was not adequate after they had undergone lateral interbody fusion for adult degenerative scoliosis. 13 Even though the use of lateral MI lumbar interbody fusion (LIF) for adult spinal deformity can improve some spinal parameters, more data are needed to determine its effect on sagittal balance, the radiographic measure critically linked to quality of life, function, and health status outcomes. 16, 25 Traditionally, the primary methods for correcting sagittal imbalance have been the pedicle subtraction osteotomy (PSO) and Smith-Petersen osteotomy (SPO). [6] [7] [8] [9] 12 Recently, Deukmedjian et al. reported on the anatomical considerations in and several cases of MI anterior column release (ACR) as a means of correcting sagittal imbalance via a lateral MI-LIF approach. 5, 14 Open and endoscopic ACR is well established in the pediatric literature to augment sagittal deformity correction. 4, 24, 28, 29 However, the role of MI-ACR in adult spinal deformity and its influence on spinopelvic parameters warrant further investigation. The MI placement of posterior instrumentation is necessary when an ACR is performed and can be used to obtain further correction. However, the literature is unclear regarding the additive value of percutaneous posterior transpedicular instrumentation on spinopelvic parameters when combined with LIF.
In the present study our goals were as follows: 1) to describe the radiographic effect of ACR on spinopelvic parameters, 2) to compare the radiographic effect of ACR to PSO and SPO for treatment of adult spinal deformity, and 3) to describe the radiographic effect of posterior percutaneous transpedicular spinal instrumentation on spinopelvic parameters when combined with the transpsoas MI-LIF for adult spinal deformity.
Methods

Patient Population and Radiographic Measurements
We performed a retrospective review of collected data from 2009 to 2012 at a single institution. Patient demographics and radiographic characteristics are summarized in Table 1 . A total of 36 patients were identified (9 patients who underwent ACR and 27 patients who did not undergo ACR) based on the following inclusion criteria: 1) diagnosis of degenerative scoliosis (coronal Cobb angle > 10° or sagittal vertebral axis > 5 cm), 2) treatment of adult degenerative scoliosis with at least a 2-level lateral MI-LIF procedure, 3) delayed second-stage procedure with percutaneous posterior spinal instrumentation, and 4) availability of preoperative and postoperative 36-inch radiographs of the scoliotic curvature. Only patients with adequate radiographs obtained preoperatively (P 0 ), after the Stage 1 procedure (P 1 ), and after the Stage 2 procedure (P 2 ) were included in this study. Furthermore, patients with hybrid constructs involving open posterior osteotomies were also excluded. Spinopelvic parameters were measured at each pre-and postoperative (P 0 , P 1 , P 2 ) interval by a single experienced observer. The coronal Cobb angle, central sacral vertebral line (CSVL), fractional curve, segmental lumbar lordosis, lumbar lordosis, sagittal vertebral axis, pelvic incidence, and sacral slope were determined and compared.
Operative Data
The surgical details for each operated level are listed in Table 1 . All MI-LIF levels were performed using the XLIF system (NuVasive, Inc.). In all routine lateral LIF levels, a 10° lordotic, 18-to 22-mm wide × 8-to 10-mm high × 50-to 60-mm long cage was used (CoRoent XL or XLW, NuVasive, Inc.). The ACR was performed based on the anatomical and technical considerations published by Deukmedjian et al., 14 and readers may refer to that paper for detailed technical and diagrammatic descriptions of the procedure. For ACR levels, a 30° lordotic, 22-mm wide × 8-to 22-mm high × 50-to 60-mm long cage was used at each level (CoRoent XLH, NuVasive, Inc.). All procedures in both the ACR and non-ACR groups were 
Statistical Analysis
Data were collected and analyzed using Excel (Microsoft) and SPSS 20.0 (IBM) software. The ShapiroWilk test was used to test for normality of all data sets. Significance testing was performed with the paired t-test for parametric data and the Wilcoxon signed-ranked test for nonparametric data. Comparison of spinopelvic parameters was performed for each operative interval (P 0 , P 1 , and P 2 ). Subgroup analysis was also performed, using data collected in patients who underwent L5-S1 interbody fusion for fractional curve correction in the non-ACR group.
Results
Thirty-six patients (13 male, 23 female) whose mean age was 64.3 years (range 32-80 years) were identified. Degenerative scoliosis was the primary diagnosis for all patients. The mean clinical follow-up was 22.9 months (range 6-37.1 months) for the non-ACR group and 11.3 months for the ACR group (range 4.2-16.7 months). A total of 141 levels were treated with interbody grafts; 126 by lateral LIF technique, 11 by TLIF technique at L5-S1, and 4 by ALIF at L5-S1 (all among the ACR group). Patients who did not undergo ACR had interbody grafts placed at a mean of 4.2 levels (range 1-6). Patients treated with ACR had interbody grafts placed on average at 3.4 levels (range 1-6). In the ACR group, 15 ACRs were performed in 9 patients (mean 1.7 ACRs/patient).
Non-ACR Group
Spinopelvic parameters with significant change (preoperative vs second staged procedure) were the coronal Cobb angle (p < 0.0001) and fractional curve (p < 0.002) (Fig. 1 , Table 2 ). The addition of posterior instrumentation (Stage 1 to Stage 2) only significantly affected the CSVL (p < 0.038). All other parameters were associated with insignificant change in the non-ACR group. Graft subsidence was found at the 1-year follow-up at 14 treated levels, yielding a total subsidence rate of 12.5%.
Subgroup Analysis
Data from the cohort that underwent an L5-S1 TLIF for the presence of a fractional curve were separately analyzed. Similar to the non-ACR group, the coronal Cobb angle (p < 0.0001) and fractional curve (p < 0.009) showed significant improvement (preoperative vs the second staged procedure). The addition of posterior instrumentation significantly affected the CSVL only (p < 0.006). Conversely, the remaining cohort not requiring an L5-S1 TLIF had a fractional curve change that approached significance (p < 0.051) and a significant improvement in the coronal Cobb angle (p < 0.0001). The addition of posterior instrumentation did not significantly alter any of the other spinopelvic parameters in these subgroups.
ACR Group
Spinopelvic parameters with significant change (preoperative vs second staged procedure) were coronal Cobb angle (p < 0.014), sagittal vertebral axis (p < 0.017), lumbar lordosis (p < 0.004), and segmental lumbar lordosis (p < 0.0001) (Fig. 1 , Table 2 ). The addition of posterior instrumentation (Stage 1 to Stage 2) did not significantly alter spinopelvic parameters. Based on lateral spine radiographs, subsidence was found at the 1-year follow-up at 7 treated levels in the ACR group. Two cases of subsidence were found at the levels where no anterior longitudinal ligament release was performed. These preliminary data indicate a subsidence rate of 33% at ACR levels and 22.5% overall in ACR constructs.
Discussion
The role for MI lateral transpsoas interbody fusion in the treatment of adult spinal deformity and its effect on regional/global alignment correction are a matter of debate. The addition of posterior instrumentation implanted with MI techniques can augment MI deformity correction. This preliminary study outlines the role of percutaneous instrumentation placed using MI technique as an adjunct to MI-LIF and, more importantly, addresses the effect of MI-ACR on lumbar lordosis and sagittal vertebral axis.
Posterior Spinal Instrumentation
To our knowledge, the effect of percutaneous transpedicular posterior instrumentation on spinopelvic parameters, used as a supplement to interbody techniques, has not been reported. Our preliminary data provide a unique opportunity to address this question because of the 2-stage approach that we used for scoliosis repair. The analysis of data obtained between Stages 1 and 2 addresses the effect of percutaneous posterior spinal instrumentation as well as changes from the MI-TLIF. In the non-ACR group, posterior instrumentation does not significantly change any of the spinopelvic or general radiographic spine parameters except the CSVL and fractional curve. The CSVL can be explained in that the fractional curve was not addressed in Stage 1, but the coronal Cobb angle was (which was reduced significantly), leading to an increase in distance from the coronal midline ("leaning tower of Pisa" effect). When the fractional curve was addressed in Stage 2 with the TLIF, the post-Stage 1 CSVL corrected toward the midline to a statistically significant degree, but not in comparison with the pre-operative value. In regard to the fractional curve, subset analysis revealed that its significance is most likely due to the Stage 2 TLIF treatment of L5-S1.
In the ACR group, no radiographic parameter achieved statistical significance from P 1 to P 2 including the CSVL. This finding is in contrast to the result from the non-ACR group, but this is most likely due to inadequate statistical power. From these data, we can say that percutaneous posterior instrumentation does not affect radiographic parameters in patients treated with the lateral MI-LIF with or without ACR, excluding CSVL. This may be due to the surgeon's attempt to contour the posterior rod to mimic the already existing curve from Stage 1. In situ rod bending, however, may have a greater effect on radiographic parameters.
Segmental Spine Parameters
The lateral MI-LIF has been proven to increase disc height, foraminal size, segmental coronal Cobb angle, and segmental lumbar lordosis. 1, 20 We did not evaluate disc height, foraminal size, or segmental coronal Cobb angle in this study. We did evaluate segmental lumbar lordosis in the ACR group. As reported, the segmental lumbar lordosis significantly improved by 12.0° per ACR level. The lateral MI-LIF provides a very powerful segmental technique that significantly improved regional and global parameters. Segmental spine disease is a frequent cause of radiculopathy, neurological deficit, and focal pain in patients with scoliosis. Addressing the symptom requires inclusion of the segmental level in the treatment plan. Regional and global symptoms-for example, nonfocal back pain-are unlikely to be adequately addressed by a segmental intervention. At this time, it appears the only segmental techniques capable of creating significant change in the global sagittal parameter include the PSO, SPO, vertebral column resection, and ACR.
Regional Spine Parameters
Correction of regional spine abnormalities is vital for global parameter correction. Our data indicate the ability of the lateral MI-LIF, with or without ACR, to significantly change the regional coronal Cobb angle. We also see that the lateral MI-LIF without ACR did not significantly change regional lumbar lordosis in our series, which agrees with already published data regarding the regional effect of the lateral MI-LIF in nonscoliotic patients. 1, 20 In contrast, the lateral MI-LIF with ACR significantly changed lumbar lordosis by 16.5°. Therefore, patients with a lumbar lordosis abnormality that contributes to spinopelvic disharmony should be treated with an ACR if the lateral MI-LIF approach is to be used. In the non-ACR group, lateral MI-LIF did not produce a significant change in sacral slope or pelvic tilt. In contrast, sacral slope did significantly improve in the ACR group by 7.5°. This again supports the statistically significant effect of the ACR on regional radiographic parameters.
Global Spine Parameters
The importance of addressing global spine parameters cannot be overstated in adult spinal deformity. Our data suggest that the lateral transpsoas MI-LIF can significantly improve the segmental and regional coronal Cobb angle, but does not achieve significant correction of the global coronal parameter, CSVL. Recently Acosta et al. showed that lateral MI-LIF was associated with a significant improvement in CSVL, from 1.9 cm to 1.25 cm. Given these ) indicate the number of measurements made and represent the number of patients for each measurement such that each counted value is derived from a distinct patient. CCA = coronal Cobb angle; FC = fractional curve; LL = lumbar lordosis; NA = not applicable; NS = not significant; PI = pelvic incidence; PT = pelvic tilt; SLL = segmental LL; SS = sacral slope; SVA = sagittal vertebral axis.
conflicting results, patient selection may need to be tailored to the case-that is, lateral MI-LIF without ACR is best adapted to the symptomatic mild adult spinal deformity patient with coronal Cobb angle abnormality and without significant global coronal abnormality (CSVL). Subgroup analysis did show, however, that if a global coronal abnormality exists in the setting of a fractional curve, the addition of an MI-TLIF or an ALIF at L5-S1 can significantly improve global coronal balance.
In the ACR group, the average correction of sagittal balance was a 4.8-cm decrease in sagittal vertebral axis. This correction was accompanied by a significant change in regional lumbar lordosis of 16.5° and increase in sacral slope by 7.5°. Although not significant, a decrease in pelvic tilt by 5.2° is congruent with improvement of global spinopelvic balance. Coronal parameter correction has already been established for the lateral MI-LIF and clearly shows improvement in the coronal Cobb angle. When evaluated for global power, the MI-ACR boasts a 3.1-cm sagittal vertebral axis correction per level.
Traditional Approach Versus MI-LIF With ACR
The SPO was first described for correction of ankylosing spondylitis-related kyphosis in 1945. 27 Alberto Ponte 23 described a similar osteotomy for use in the flexible thoracic curve of patients with Scheuermann's kyphosis in 1984. In 1985, a more aggressive osteotomy, PSO, was reported by Thomasen for fixed spinal deformity with ankylosing spondylitis. 30 Subsequently, these techniques have been adapted to treat fixed sagittal imbalance with excellent results. [6] [7] [8] 15 These publications have elucidated the power of the PSO and SPO to affect regional and global parameters and have provided valuable guidance in operative planning. 6, 15 The anticipated rate of lumbar lordosis and sagittal vertebral axis correction for the PSO is 30°-40° and 5.5-13.5 cm per level, respectively. 9, 18, 26 The expected lumbar lordosis correction for the SPO is approximately 10° per level. 6, 9, 10, 12, 15 An SPO is preferred in cases of smooth kyphotic curves of the lumbar spine so long as the required sagittal vertebral axis correction is 10 cm or less. If a sharp angular kyphosis exists, or if sagittal vertebral axis correction exceeding 10 cm is required, a PSO is preferred, according to recently proposed management paradigms. 6 Currently the MI-ACR has not been factored into sagittal correction in scoliosis treatment paradigms.
From our preliminary data, it is clear that the ACR approach is equivalent to the SPO in terms of radiographic outcomes for segmental lumbar lordosis correction (12.0° vs 10°, respectively, at 1 year). It also provides an average of 3.1 cm of sagittal vertebral axis correction per level through an MI technique. Three SPOs have been reported as being as powerful as a single PSO, and our data indicate that this rule of thumb may also apply to the lateral MI-ACR. Based on our data, we know that multilevel MI-ACR is feasible: 1 patient had a 3-level ACR, and 4 patients had a 2-level ACR. Whether these multilevel MI-ACR procedures are durable or result in delayed complications is unknown at this time. This combination of MI approach and powerful sagittal balance correction may be of significant benefit in cases of de novo degenerative scoliosis in which sagittal imbalance is mild and moderately severe-that is, sagittal vertebral axis less than 10 cm. We acknowledge that its use may be of limited value in the setting of previous posterior instrumentation, whose supplementation would require redo posterior dissection regardless. When correction of sagittal balance through an MI surgical technique is desired, the lateral MI-LIF with ACR is a feasible option.
Another surgical option for sagittal balance correction is the "less invasive" OptiMesh TLIF (Spineology, Inc.) combined with posterior percutaneous instrumentation, as recently reported by Wang. 32 He shows lumbar lordosis correction of 17.8° and sagittal vertebral axis correction of 3.2 cm over long regional spine constructs. Although statistically significant, these results reveal the inferior segmental power of the TLIF to correct sagittal vertebral axis compared with the single-level lateral MI-LIF with ACR.
Durability
The durability of scoliosis correction has been demonstrated in the literature, although all forms of treatment show decremental results over time. This is the case for posterior osteotomy and instrumentation as well as for interbody fusion. 8, 17 The MI-LIF procedure and its modifications may produce similar results over time because of cage subsidence. 19 It is clear from our data that cage subsidence does occur at an expected rate at non-ACR fusion levels. 19 Subsidence trended toward a higher rate at the ACR levels, but power levels were inadequate for formal evaluation. Several factors, however, favor the durability of the lateral MI-LIF with or without ACR: 1) an interbody cage construct with posterior instrumentation provides more evenly distributed biomechanical support in all 3 spinal columns, 2) an interbody cage takes advantage of the apophysial ring bone of the vertebral endplate, the strongest area of the endplate, and 3) an interbody cage with greater surface area than traditional cages allows for placement of more fusion-promoting product. Fusion rates have not been calculated for either cohort because we do not routinely acquire postoperative CT scans to evaluate for fusion and because of incomplete postoperative flexion/extension radiographs at 1 year to assess for bridging bone or movement.
Spinopelvic Harmony: Is ACR Necessary?
The lateral MI-LIF has the ability to correct coronal curve and segmental lordosis, as well as relieve scoliosisassociated back pain and radiculopathy in patients with mild to moderate disease severity (sagittal vertebral axis < 5 cm). There is some question as to whether the lateral MI-LIF technique without ACR can provide regional lumbar lordosis correction. Because of this limitation, we feel the lateral MI-LIF is an appropriate stand-alone technique or in combination with percutaneous pedicle screw instrumentation for adult spinal deformity so long as the patient exhibits sagittal spinopelvic harmony. If achieving coronal balance and symptom relief is the goal, careful attention must be paid to correcting the fractional curve, as the CSVL can worsen if the fractional curve is not ad-J Neurosurg: Spine / Volume 20 / May 2014 dressed using an L5-S1 MI-TLIF or ALIF. If an MI surgical technique is desired and sagittal vertebral axis correction is required (sagittal vertebral axis > 5 cm) to bring a spine into balance or to prevent a borderline condition from slipping out of sagittal balance, an ACR should be strongly considered.
Limitations
There are several limitations to this preliminary radiographic study. First, we do not address clinical outcomes because of the radiographic focus of this paper. Clearly, the clinician must consider these results to reflect a preliminary description of a novel MI surgical technique that can correct sagittal balance. Clinical outcomes data will be forthcoming as increasing numbers of cases are performed and follow-up time accumulates. Second, this study is inadequately powered to compare short-and long-term follow-up for durability of scoliosis correction. Likewise, subsidence and fusion rates are not yet available given the short-term follow-up duration of 1 year. The results should be cautiously interpreted in the context of currently known subsidence and fusion rates for the MI-LIF until more data are available. Third, selection bias may have affected the results in that we selected only those patients who had adequate imaging per inclusion criteria. As a means of limiting this potential bias, patients were selected based on having undergone imaging prior to our knowing the results of the individual radiographic measurements. Fourth, inadequate power may have led to Type 2 error in the ACR group.
Conclusions
As technology advances, different tools for the treatment of adult spinal deformity are becoming available. The most recent interbody fusion technique, the lateral MI-LIF, shows great promise for treating mild and moderate severity adult spinal deformity. The lateral MI-LIF combined with ACR has the ability to correct sagittal balance (sagittal vertebral axis) by 3.1 cm and lumbar lordosis by 12.0° at each treated level. This MI surgical technique shows equivalent power to the SPO for these parameters while simultaneously creating additional disc height and correcting coronal imbalance. Addition of percutaneous transpedicular posterior instrumentation without in situ manipulation or overcorrection does not alter radiographic parameters. The limits of sagittal vertebral axis correction over multiple segments need further evaluation for safety and durability to determine the role of the procedure in the treatment of adult spinal deformity of different severities.
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